. Replication foci consist of clusters of replisomes, each being a large macromolecular complex containing all the activities necessary for the complete duplication of one replicon. That raises the question of whether entire replisomes within one cluster move from one replicon to the next or whether they disassemble into individual proteins or into small complexes. It is also not known when during the cell cycle, where in the nucleus, and how these complexes are assembled. Large multiprotein replication complexes have been biochemically isolated from mammalian cells (Noguchi et al., 1983; Tom et al., 1996; Wu et al., 1994), but it is unclear whether they were derived from the nucleoplasmic pool or from replication foci. Moreover, it is not known how replication factors reach their sites of action: freely moving through the nucleus, constrained by nuclear structures, or actively recruited.
To directly probe the nuclear dynamics of replication factors throughout the cell cycle in living mammalian cells we used a cell line expressing the GFP-tagged polymerase clamp PCNA and analyzed its association with replication sites by biochemical in situ extractions and by fluorescence photobleaching combined with time lapse microscopy. phase nuclei identified by BrdU incorporation, it reTo compare the subnuclear association properties of mained associated with replication sites under these the GFP fusion protein with the endogenous PCNA in conditions (data not shown). Even after extraction with situ salt extraction experiments prior to fixation were 300 or 500 mM NaCl, typical S phase patterns of PCNA are observed ( Figure 1A) , indicating a tight association performed in the parental C2C12 cell line and in the To investigate whether and how fast replication facfrom non-S phase cells at low salt concentrations (150 tors move into and out of sites of DNA replication, we mM NaCl, data not shown). Again, typical S phase patperformed fluorescence photobleaching experiments terns of GFP-PCNA remain visible even after extraction on replication foci of S phase nuclei. with 300 and 500 mM NaCl ( Figure 1B ) as well as after First, incorporation of the nucleotide analog BrdU was longer extraction times (data not shown). Taken together analyzed to test whether photobleaching of replication these results show that the GFP fusion protein accufoci impairs DNA synthesis. Figure 2A shows a confocal rately labels sites of ongoing DNA replication and exhibz section of a living late S phase nucleus before and after its a cell cycle-dependent tight association with replicaphotobleaching. Immediately after photobleaching, the tion sites indistinguishable from the endogenous PCNA. cells were incubated with BrdU for 10 min to label sites of active DNA synthesis. Subsequent immunofluorescence Dynamics of GFP-PCNA at Sites of DNA Replication staining showed incorporation of BrdU in the bleached Replication foci appear as rather stable structures over focus as well as in unbleached replication foci, demona period of 30 min to sometimes several hours (Leonstrating that bleaching does not impair DNA synthesis hardt et al., 2000). Recently, the concept of stable subneither at bleached nor at unbleached sites. Also longer nuclear structures has been challenged by the finding times after photobleaching were examined, and no imthat other apparently stable structures (e.g., speckled pairment of DNA replication was observed (data not compartment) seem to be in constant flux, i.e., the moveshown). Several other nuclei were treated similarly and ment of factors in and out of these structures takes the replicational activity (fluorescence intensity of incorplace at the same rate as the movement of the nucleoporated BrdU) at bleached and unbleached foci quantified ( Figure 2B ). Notwithstanding the large variability of plasmic pool of these factors (Kruhlak et al., 2000; Phair , and rescence due to photobleaching or disassembly over 5E, quantification in 5H). The percent "newborn" DNA time. Red areas represent foci that appeared after phosignificantly increases over time, suggesting that the tobleaching, and yellow indicates areas where replicabulk GFP-PCNA is bound at the actively replicating sites tion foci remained fluorescent in the unbleached area (i.e., where "nascent" DNA is being synthesized). To or recovered after bleaching. In both nuclei, the overall more directly discriminate between "newborn" and "napattern of replication foci was relatively stable over time.
Results

GFP-PCNA, Like the Endogenous PCNA, Binds Tightly to Sites of Ongoing DNA Replication
scent" DNA, we performed a short nucleotide labeling Notably, the regain of fluorescence in the bleached pulse followed by increasingly longer chase times and area did not directly occur at the replication sites visible determined the proportion of GFP-PCNA staying bound before bleaching, but rather at adjacent locations with to the labeled DNA as a function of increasing chase little to no overlap (Figure 4 ). This was true in both early/ duration (0, 10, 20, and 45 min; Figures 5A , 5B, 5D, and mid and late S phase nuclei, and it is shown for clarity 5F, quantification in 5G). As predicted from the compleat higher magnification. In particular, at the smaller foci mentary set of experiments, the amount of GFP-PCNA of the early/mid S phase nucleus, the new sites filled which stays bound to previously replicated DNA dethe spaces between the prebleach ones ( Figure 4A) . creases with increasing chase time, indicating that the This means that de facto there is little to no recovery of bulk of GFP-PCNA labels active sites of DNA replication fluorescence but de novo assembly of new replication and is released from replicated DNA within about 20 min. machines at preferentially adjacent locations. By conIn summary, these results clearly demonstrate that trast, the fast de novo assembly of GFP-RPA34 occurs replication foci show little to no exchange of PCNA, arguing against a constant loading of new PCNA rings at the prebleach replication sites, as shown by the yellow then determined in relation to the total amount of DNA (red) replicated during the pulse duration. For better visualization, magnified parts of the overlayed images are shown. The interpretation of the replication foci-labeling patterns is shown schematically on the side of each labeling scheme. Longer labeling times (C and E) lead to an increasing amount of labeled DNA, a subset of which colocalized with GFP-PCNA. This is also in agreement with the line intensity plot in Figure 2C (Figure 6A ), one would chromatin accessibility is responsible for them being selected first during early S phase. The mechanism for expect a much slower turnover of PCNA. In an extreme case, any turnover would be limited to the loading of the sequential activation of later origins, however, remained elusive. one ring each for leading and lagging strand and unloading upon completion.
By looking at the "regain" of GFP-PCNA fluorescence at replication sites after photobleaching, we found no Photobleaching experiments to measure the turnover of PCNA at individual replication foci showed that recovdetectable recovery of fluorescence but rather a de novo assembly of replisomes at adjacent sites throughout the ery occurred mostly at adjacent sites, with little or no regain of fluorescence at the replication focus itself, nucleus, which is clearly shown in the higher magnification time overlays in Figure 4B . These data are perfectly arguing strongly against a rapid turnover of PCNA at replication forks. We can rule out that this lack of recovconsistent with previous studies where replicating chromatin was labeled by pulse-chase-pulse experiments ery was caused by disrupting DNA replication (for example, by stalling at photodamaged sites) since the replicawith two different nucleotides. In these studies, cells were subsequently fixed and the incorporated nucleotion activity was unaltered by the photobleaching process (Figure 2) . Likewise, we can exclude a critical tides detected with specific antibodies either in situ ( Confocal z-stacks of the nucleus before and at several time points after photobleaching were acquired. In both experiments, single confocal sections are shown. Scale bars, 5 m. Fluorescence intensity change of several replication foci over time was analyzed in the early/mid S-phase (diagram C) and the late S-phase nucleus (diagram D). For quantification, the mean fluorescence intensity of the respective focus was determined at all time points and the initial value (i.e., before bleaching) of the brightest focus (focus 4) was set to 1. Foci 1 and 2 are located in the bleached area; foci 3 and 4 are located in the unbleached area. At the first time point after bleaching (<1 min) the fluorescence in the bleached areas is strongly reduced to the nucleoplasmic level while fluorescence in the unbleached area is moderately reduced (diagram C) or unchanged (diagram D). At the following time points, the fluorescence in the bleached areas increases constantly but non-uniformly (except at 25 min in C) while the fluorescence in the unbleached area decreases constantly but nonuniformly. In a typical experiment, up to 30% of GFP-PCNA was bleached due to bleaching event and 10-15% due to image acquisition. As compared to the very rapid recovery of fluorescence in the nucleoplasmic pool (Supplemental Figure S2 ), this indicates a transient immobilization of GFP-PCNA at replication foci. To further investigate the mobility of nucleoplasmic GFP-PCNA, high-speed FRAP experiments were performed on an LSM 510 (Zeiss) equipped with an argon laser (15 mW) using a 63×NA 1.4 Planapochromat oil immersion objective. A small area of about 1 m2 within the nucleus was bleached for 0.35 s with 100% laser power. Before and after photobleaching, the fluorescence intensity of the bleached area (BA) and one control area (CA) was measured every 20 ms with the time course feature of the Zeiss LSM 510 software (12-bit mode). A typical experimental setup is shown for a non S-phase nucleus (E) and for an S-phase nucleus (G). Scale bars, 5 m. Diagram F compares the fluorescence recovery of nucleoplasmic GFP (gray) to GFP-PCNA in non S-phase nuclei (black). An almost complete recovery of both proteins is observed with a faster diffusion of GFP (diffusion coefficient D = 2.8 m2/s) followed by GFP-PCNA (D = 1.7 m2/s). Diagram H compares the fluorescence recovery of nucleoplasmic GFP-PCNA in S-phase nuclei (gray) with the recovery of GFP-PCNA in non S-phase nuclei (black). No significant differences in the recovery dynamics of nucleoplasmic GFP-PCNA in S-phase and non S-phase nuclei are found. Each curve represents a mean of five to eight experiments in different nuclei. Microcal Origin 4.0 was used for calculations on FRAP curves. Curves were background corrected and with the help of the fluorescence intensity of the control area corrected for the overall loss of fluorescence due to the bleaching event. Diffusion coefficients (D) and half time of recovery (t1/2) were calculated with the 3-point fit approach (Axelrod et al., 1976) , giving a rough estimation of these parameters. The GFP-RPA34 fusion protein contains a SV40 nuclear localisation signal at the NH2 terminus followed by an enhanced mutant GFP gene that is fused to the human RPA34. (B) Western Blot analysis of the GFP fusion protein expressed in COS7 cells. COS7 cells were cultivated in DMEM containing 10% fetal calf serum and transiently transfected by the DEAE pretreatment method as described (Leonhardt et al., 1992) . Whole-cell extracts were separated by 10% SDS-PAGE under reducing conditions and transferred to PVDF membranes. After incubation with rabbit polyclonal anti-GFP antibody (Abcam) or mouse monoclonal anti-RPA34 antibody (Oncogene) followed by HRP-conjugated secondary antibodies (Amersham), the blots were developed using ECL+ detection procedure (Amersham). Both antibodies detect a protein band of the expected size in transfected cells but not in untransfected (mock) cultures and in addition the anti-RPA34 antibody reveals the endogenous RPA34. Molecular weight markers are indicated om each side of the blots in kDa. (C) Immunofluorescence analysis shows that GFP-RPA34 expressed in C2C12 mouse myoblast cells localizes to sites of ongoing DNA replication visualized by incorporated BrdU or endogenous PCNA. 
